Femtosecond (fs)-resolved simultaneous measurements of charge and spin dynamics reveal the coexistence of two different quasi-particle excitations in colossal magneto-resistive (CMR) manganites, with fs and ps relaxation times respectively. Their populations reverse size above a photoexcitationintensity-threshold coinciding with a "sudden" antiferro-to-ferromagnetic switching during <100 fs laser pulses. We present evidence that fast, metallic, mobile quasi-electrons dressed by quantum spin fluctuations coexist with slow, localized, polaronic charge carriers in non-equilibrium phases. This may be central to CMR transition and leads to a laser-driven charge reorganization simultaneously with quantum fs magnetism via an emergent quantum-spin/charge/lattice transient coupling.
Traditionally, quantum material phases are tuned by static parameters such as chemical dopants, pressure, or magnetic fields. Spontaneous coherence induced in this way, e.g. between many-body states separated by the Mott-Hubbard insulator gap, can establish new orders via equilibrium phase transitions. Non-equilibrium phase transitions may be similarly triggered by non-local, time-dependent electron-hole (e-h) coherence driven by a fs laser pulse [1, 2] . Due to the "sudden" timedependent change in the Hamiltonian, the equilibrium state is no longer the ground state of the coupled lightmatter system, which creates a quasi-instantaneous initial condition for time evolution of material phases. Strongly-correlated states, determined by many-electron ordering and coherence arising, e.g., when local interactions exceed or compare to the kinetic energy, are particularly responsive to such non-adiabatic excitations. In contrast, fs excitations merely perturb the "rigid" electronic bands of weakly-correlated materials (e.g. semiconductors). In the manganites, laser-driven bonding mediated by quantum spin flip/canting fluctuations was shown to induce a magnetic phase transition during <100fs pulses [3] . The quantum femtosecond magnetism originates from transient modification of inter-atomic ehopping amplitude by the laser E-field [3] , which nonadiabatically generates spin-exchange coupling and ferromagnetic correlation, as photoelectron hopping simultaneously flips local spins.
Complex materials such as manganites involve simultaneous ordering of multiple degrees of freedom: spin, lattice, charge/orbital orders, etc [4] [5] [6] [7] [8] . The elementary excitations then depend on a complex set of coupled order parameters with large fluctuations which makes it difficult to underpin their microscopic compositions [9, 10] .
Although strong coupling of electronic, magnetic, and lattice degrees of freedom in the manganites is known to lead to coexisting insulating/lattice-distorted/antiferromagnetic (AFM) and metallic/undistorted/ferromagnetic (FM) regions of sizes ∼10-300nm [11] , the relevant quasi-particles remain controversial.
While electrons localized by Jahn-Teller (JT) lattice distortions dominate the AFM insulating state, some theoretical studies have proposed that the sensitivity to small perturbations leading to CMR phase transition to a FM metallic state is due to coexisting mobile minority electrons mediated by classical spin canting [9, 12, 13] . Moreover, while the strong spin-charge coupling should considerably correlate the corresponding fs dynamics, the photoexcitationthreshold observed for fs spin generation was absent in the measured optical conductivity [3, 14] and the exact linkage between the two is still elusive. The simultaneous probing of fs spin [3, 15, 16] and charge [17] dynamics may dynamically disentangle degrees of freedom coupled in equilibrium and reveal crucial many-body mechanisms.
This Letter uses fs pump-probe spectroscopy to identify the quasi-particle excitations of Pr 0.7 Ca 0.3 MnO 3 (PCMO) manganites and quantify their dynamical properties. For this we excite non-equilibrium electron populations close to the insulator energy gap and then probe with fs resolution their effects on both differential reflectivity and magneto-optical responses at 1.55eV and 3.1eV. When pump/probe are both tuned at 1.55 eV, we observe a two-step bi-exponential relaxation of charge excitations absent at 3.1eV. These nents, characterized by distinct fast fs (τ fs ) and slow ps (τ ps ) relaxation times, disappear at higher temperatures. Intriguingly, the ratio of their amplitudes displays a pump-fluence-threshold nonlinear dependence that coincides with the threshold for fs AFM→FM switching. We present calculations indicating coexistence in a nonequilibrium phase of fast, mobile, metallic quasi-electrons dressed by quantum spin fluctuations (τ fs ) with slow, localized polaronic carriers (τ ps ). The laser-induced rearrangement of these majority and minority carriers creates a critical non-thermal population of quasi-electrons with strongly-coupled spin-charge degrees of freedom, which drives a simultaneous AFM→FM switching via quantum spin-charge-lattice dynamical coupling.
We consider the CE-AFM-insulator state characterized by coexisting charge (CO), orbital (OO), and magnetic orders [11, 18] . Here, AFM-coupled chargemodulated zig-zag chains have alternating Mn 3+ /Mn 4+ ions (CO), FM spins, and JT-distorted lattice sites with populated orbitals pointing along the chain (OO) ( Fig.  1(a) ). The JT interaction of a localized e g -electron with its surrounding Mn 3+ O 6 octahedron splits the two degenerate Mn 3+ states and results in a polaronic insulator with populated lower level (JT energy gain E JT ) [12, 18] . We study here Pr 0.7 Ca 0.3 MnO 3 single-crystals grown by the floating-zone method. All equilibrium phases are insulating, with CO/OO order below ∼200K and CE-AFM order below ∼140K. A Ti:Sapphire amplifier laser beam, with pulse duration of 35fs and repetition rate of 1kHz, was used in fs pump-probe spectroscopy measurements of differential reflectivity ∆R/R, magneto-optical Kerr effect (MOKE, ∆θ k ), and magnetic circular dichroism (MCD, ∆η k ). We thus trace the fs spin and charge dynamics for magnetic field B≤ 0.25T [19] .
e g -electron charge fluctuations are restricted by exchange interaction with the local S=3/2 spins formed by filling all three t 2g -orbitals [18, 20] and by suppression of double-occupancies (Mn 2+ ) by the strong local interactions. In classical-spin thermodynamic scenarios, it is energetically favorable for e g -electrons (spin s=1/2) to move within a single chain so that the spins remain FMcoupled via strong Hund's rule interaction J H S i · s i . For quantum spins, however, photoelectrons can also hop to sites with anti-parallel t 2g spins without magnetic energy cost, illustrated in Fig. 1(b) . This is possible by forming quantum states with the same total spin J after flipping t 2g -spins via J H S ± i · s ∓ i electron-magnon coupling that leads to quantum spin canting [21] (supplementary section). These ultrafast fluctuations mediate non-local off-diagonal inter-atomic bonding ( Fig. 1(b) ) and dynamically-entangle neigboring AFM chains, Fig.  1 (a), which competes with the AFM surroundings to establish a metastable state (quantum femtosecond magnetism [3] ). Such FM correlation during the coherentlyexcited e-hopping has no speed-limit imposed by free energy or spin adiabaticity [12, 22, 23] . Fig.1(c) shows the typical fs-resolved ∆R(t)/R signal at 30K, with both pump/probe tuned at 1.55eV. The nonequilibrium quasi-particles excited close to the insulator gap with this relatively high pump fluence ∼4.9 mJ/cm 2 display bi-exponential relaxation, with two distinct relaxation times τ fs ∼530fs and τ ps ∼5.7ps. This behavior is in striking contrast to the temporal profiles of the lowfluence or high temperature signals (compare the normalized ∆R/R traces in Figs. 1(d) and (e)). At 30K, the τ fs component is suppressed for smaller pump fluences of 0.4 mJ/cm 2 ( Fig. 1(d) ). At 300K, i.e. above the CO/OO transition, all pump fluences give an identical single-exponential decay, with relaxation time much shorter than both τ fs and τ ps ( Fig. 1(e) ). Clearly the charge quasi-particle dynamics strongly depend on both photoexcitation intensity and ground-state order. Fig. 2 shows a 2D plot of ∆R/R as function of pump-fluence and probe time delay. The color gradients demonstrate distinct differences, along both axes, between probe frequencies that either couple directly to [1.55 eV, Fig. 2(a) ] or decouple from [3.1 eV, Fig.  2(d) ] the insulator gap. While at 1.55eV the peak of ∆R(t)/R shows almost linear fluence-dependence ( Fig.  2(b) ), at 3.1eV it displays nonlinear saturation ( Fig.  2(e) ). For 1.55 eV pump/probe, ∆R(t)/R comes from phase-space-filling by linearly-increasing quasi-particle populations near the insulator gap. Its temporal decay, Fig. 2(c) , thus reveals two coexisting quasi-particle populations, with relaxation times τ fs and τ ps respectively. For 3.1eV probe/1.55eV pump, ∆R(t)/R reflects a fs increase and saturation of the conductivity, with spectral- weight transfer to low energies due to a fs pump-induced decrease in the insulator gap. Fig. 2 (f) shows a further ps increase of ∆R(t)/R, which reflects a slower phononrelated conductivity increase.
We now compare this charge relaxation to the spin dynamics extracted from the fs-resolved magnetic signals. fs and τ ps components of ∆R(t)/R provides the missing link between spin and charge quantum excitations. Fig. 3(a) shows the pumpfluence-dependences of the amplitudes A f s and A ps , via bi-exponential fit, and their sum A sum =A f s +A ps (inset). While A sum appears linear, the two populations A f s and A ps reverse their magnitudes with increasing excitation ( Fig. 3(a) ). Most intriguingly, a threshold increase of the short-lived (τ fs ) minority population is seen in Fig. 3(b) by plotting the fraction F=A f s /A sum . This apparent threshold coincides with the threshold for fs spin generation in Fig. 3 (c), while τ fs and τ ps times remain fairly constant (inset of Fig. 3(b) ). This direct correlation of AFM→FM switching with critical increasing the proportion of the minority τ fs population suggests the emergence of a quasi-particle excitation composed of strongly-coupled spin and charge degrees of freedom.
To explore this issue, we model the non-adiabatic [22] spin-charge quantum correlation that dresses e-h excitations during the fs timescales of coherent lightmatter coupling. For this, we solve the quantum-kinetic equations of motion of the spin-dependent density matrix that describes spin/charge non-equilibrium popula- tions and inter-site coherences involving atomic manybody states (supplementary section). In the ground state ( Fig. 1(a) ), fully-localized JT-polarons (majority carriers) gain lattice energy E JT by populating alternating Mn 3+ sites (site 1 in Fig.4 (a)), with total spin J=S+1/2 and parallel e g and t 2g spins. In the deep-insulating limit of large E JT [12] , we neglect electron hopping along FM chains, which does not change the total spin. We focus on quantum correlations between two neigboring AFM atoms in different chains (yellow arrows, Fig.  1(b) ), driven by the laser E-field with central frequencȳ hω p ∼E JT . The strong charge fluctuations during this fs pump pulse involve hopping of the e g -electron from the Mn 3+ atom (ε=−E JT ) to the JT-undistorted Mn 4+ atom (ε=0) with anti-parallel t 2g spin S z =-S (site 2 in Fig.4(b) ). Such virtual [13] and laser-driven fluctuations across the JT gap are faster than the JT distortions for hopping amplitudes t 0 hω ph [12] , so for now our simulation ignores JT displacements (phonon frequency ω ph ) to examine the roles of quantum charge/spin fluctuations. Fig.4 shows all non-equilibrium spin-resolved populations of the two above-discussed sites (Figs. 4(a) and 4(b)) and the z-component of the total t 2g -spin, (Fig. 4(c) ). Here J H →∞, so an electron can hop between AFM sites only by simultaneously flipping t 2g spins [20] . This results in correlated spin-charge non-adiabatic dynamics. The bottom panel of Fig.4(a) shows the photoexcited hole popula- tion (Mn 3+ →Mn 4+ excitation, J z =S+1/2→S z =m) of the JT-distorted site 1. Excitation of majority carriers does not change significantly the m=3/2 t 2g -spin. In contrast, the minority quasi-electrons (Mn 4+ →Mn 3+ excitation, S z =−S→J z =M ) populating site 2 (top panel of Fig.4(b) ) have mixed spin due to flipping of the opposite e g and t 2g spins (M =−S+1/2). Such quasielectron photoexcitations thus induce a quantum dynamics of S z , which saturates with population inversion (Fig.4(c) ). The fluence-dependence of quasi-electron population then naturally correlates with that of the fs spin, as in our experiment ( Fig. 3(b) ). FM inter-chain correlation arises from this electron dressing by quantum spin fluctuations, driven by fs quantum-spin-canting in the AFM insulating state. After photoexcitation, the system is thereby left in an excited state with non-thermal populations of two composite-fermion quasi-particles (supplementary section). Subsequent relaxation (τ fs and τ ps ) depends on the quasi-particle energy dispersions, shown in Fig. 5 along three directions: k x (along the chain), k y (perpendicular to the chain, along the same plane), and k z (perpendicular to the plane). We considered one-electron excitations of the CE-type CO/OO/AFM ordered periodic state [24] without spin-canting (supplementary section). Fig. 5 compares our quantum spin results to the classical limit S→∞, where we reproduce previous results [11, 25] . For classical spins, an adiabatic description applies: the diagonalized electronic Hamiltonian describes energy bands that depend on fixed local spin and JT-distortion patterns [11, 12] . For large J H , the frozen CE-AFM spin pattern then only allows photoelectron dispersion along a single FM chain [20] . For quantum spins, however, photoelectrons move by simultaneously deforming local spins (e.g. electron-magnon coupling [21] ). They decrease the insulator gap, (k y ) or perpendicular (k z ) to the plane ( Fig. 1(a) ) [26] .
For large E JT , Fig. 5 (a) demonstrates anisotropic quasi-particle dispersions with energies close to the Mn 3+ (ε=0) and Mn 4+ (ε=−E JT ) localized levels. CO suppresses electron hopping along the plane due to the JT energy gap between all neigboring sites, so dispersion along k x and k y is small. For classical spins, charge carriers are fairly localized in all three directions, as neigboring planes have opposite spins. For quantum spins, however, inter-plane hopping between JT-undistorted sites ( Fig. 1(a) ) becomes possible by deforming the ground state AFM spins. This results in large dispersion along k z , only for the spin-dressed conduction quasi-electrons close to ε=0 (Fig. 5(a) ). As in Fig. 4 , polaronic holes do not deform strongly the parallel background spins, so the valence band dispersion in Fig. 5(a) , close to ε=−E JT , is small. Relaxation across the large insulator gap is suppressed, so photoexcitation creates nonequilibrium e and h populations with two very different chemical potentials and spin properties. A critical density of quasi-electrons in the dispersive conduction band leads to anisotropic metallic properties and global conductivity. The (FM) spin-canting responsible for this mobility dominates over JT distortion in determining the free energy change [12] . In contrast, holes have weak dispersion, small Fermi energy, and localize by relaxing JT distortions to gain elastic energy [12] . The differences between classical and quantum spins become most pronounced as E JT decreases to values reasonable for some manganites (Figs. 5(b) and 5(d) ). Quantum spin fluctuations can then overcome JT confinement to enhance delocalization of both e and h quasi-particles in all three directions and rapidly close the charge energy gap. Decreasing E JT favors an insulator-to-metal transition [13] for quantum spins, which may explain why classical spin calculations require critical magnetic fields for CMR phase transition much larger [26] than experiment [12] . Note that the presence of lattice deformations [8, 27] can work cooperatively with the proposed electronic fluctuation mechanism to decrease E JT and further enhance the above effects.
In summary, by simultaneously tracing the fs dynamics of charge and spin excitations, we provide solid evidence that the properties of CMR manganites are governed by the coexistence of two very different quasi-particles: metallic quasi-electrons dressed by quantum spin fluctuations and JT polarons. Femtosecond coherent nonlinear excitation controls a "sudden" AFM→FM switching in the insulating phase, coincident with majority/minority carrier reversal and closing of the JT energy gap by quantum spin fluctuations. Fig. 1(a) ). Spin-canting angle θ=0.
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[26] While a ground state spin-canting angle θ also leads to electron mobility along kz, even for classical adiabatic spins, a kz-dispersion similar to Fig. 5 (S=3/2 quantum spins with θ=0) requires a very large θ of few tens of degrees (θ=90 o corresponds to full FM order without spin dynamics). Such spin-canting requires a very large external magnetic field, much larger than in CMR experiments. Quantum spin fluctuations, which we control here via laser-induced fs e-h coherence, can explain this discrepancy and greatly enhance the sensitivity of fs AFM→FM phase transitions far from equilibrium. 
SUPPLEMENTARY INFORMATION COMPOSITE FERMION QUASI-PARTICLES
Here we summarize the formalism used to describe the dynamical coupling of spin and charge excitations in the strong-coupling insulating limit. Our observations of ultrafast electron hopping correlated with fs spin dynamics suggest that this is a key many-body mechanism in manganites. Classical spin scenarios assume an adiabatic approximation of electrons scattering off a frozen spin configuration [12] . The effective inter-atomic hopping amplitude then decreases with increasing angle between the local spins [11, 12, 20] and electron hopping is suppressed by AFM spin alignment. For the CE-AFM reference state, this results in electronic confinement within one-dimensional FM chains with parallel e g and t 2g spins [11, 25] . Spin dynamics directly correlated with simultaneous photoelectron femtosecond motion is impossible within the classical spin adiabatic approximation. We therefore had to turn to non-adiabatic quantum spin scenarios in order to explain our observation of correlated simultaneous spin-charge femtosecond dynamics.
Our proposed theory addresses the following issues: (i) local interactions well-exceed the kinetic energy and restrict the population of certain atomic configurations, (ii) while here strong on-site interactions result in an insulating ground state, the spin properties are still determined by electron hopping between different atoms [13] . In equilibrium, virtual inter-atomic electronic fluctuations across the JT insulator energy gap lead to a FM exchange coupling [12, 13] . During fs laser excitation, coherent e-h excitations are driven across the JT gap and controlled via optical field Rabi energy and central frequency. Here we show that these driven fast charge fluctuations result in non-equilibrium "sudden" FM correlation, (iii) our experimental results indicate that the coherent charge excitations bring the system away from equilibrium while simultaneously exciting the spin degrees of freedom. This observation suggests that nonadiabatic spin dynamics during femtosecond electronic timescales is key for explaining our experiment, while the classical spin adiabatic approximation assumes independent spin and charge degrees of freedom [11, 12] . Below we introduce composite fermion quasi-particles with coupled spin-charge degrees of freedom.
Since the strong interactions are local, we start with atomic states that diagonalize the Hund's rule and JT interactions at given atom i. Each atom can be populated by 0 or 1 mobile (e g ) electrons, since occupancy by two e g electrons (Mn 2+ configurations) is suppressed, e.g. by large Hubbard-U repulsion. The atomic states with a single e g electron are
where c † iασ adds a spin-σ e g electron in orbital state α and |iS z , S z =−S, · · · , S, are S=3/2 local (t 2g ) spin states for given lattice displacement at site i. The above J=S+1/2, M =−J, · · · , J states are characterized by the eigenvalues (J, M ) of the total mobile (e g ) plus local (t 2g ) spin. For J H →∞, the population of J=S−1/2 states is suppressed. For M =J=S+1/2, the itinerant and local spins are parallel, as for classical spins. The quantum spin dynamics discussed in the main text arises mostly from M =S−1/2 atomic states Eq. (1), with mixed spin due to the off-diagonal interaction J H S ± i ·s ∓ i . In the limit of strong correlation, we describe local excitations in terms of transitions between the above atomic many-body states |ia , created by the "Hubbard operators" |ia ib|. On-site excitations that conserve the total number of electrons are created by the operatorŝ
(2) In the limit of large Hubbard-U and Hund's rule magnetic exchange interactions, the local (t 2g ) spin zcomponent S z (i) at site i is expressed as (3) where the diagonal density matrix elements
m=−S, · · · , S and M =−J, · · · , J, give the populations of the empty and singly-occupied atomic configurations. Their equations-of-motion couple off-diagonal density matrix elements that describe linear superpositions of quantum states in two different atoms (e-h coherence). We describe such e-h coherence for strong on-site interactions by first introducing "composite fermion" local excitations with fixed total spin J z =σ/2. These quasi-electron charge excitations are created by Hubbard operators that change the number of electrons on a given atom by one via Mn 4+ → Mn 3+ transitions between the many-body states that diagonalize the strong spin, charge, and lattice on-site interactions:
The e-h coherence is characterized by the off-diagonal density matrix elements ê † α σ (i M )ê ασ (iM ) , which are defined in terms of composite fermions. Delocalized excitations in a periodic lattice of atoms located at positions (i, R i ), where i now labels the different atoms in a single unit cell and R i is the periodic lattice vector that labels the different unit cells, are described by transforming to k-space using the Bloch theorem:
where N is the number of unit cells and k the wavevector.
Composite fermions obey the non-canonical anticommutation relations
The difference from fermion anti-commutator is often referred to as "kinematic interaction" and comes from the restriction, due to on-site interactions exceeding the kinetic energy, in the populations of individual atoms where the electron is allowed to hop. For example, strong Hubbard repulsion and Hund's rule interactions suppress doubly-occupied and J=S−1/2 atomic configurations during electron motion. We thus project the bare electron operators onto the subspace of the low-energy populated states Eq. (1):
where the Glebsch-Gordan coefficients
arise from the conservation of the total spin J. The projected time-dependent many-body Hamiltonian that describes the laser-excited system has the form
The first two terms diagonalize exactly the many-body atomic Hamiltonian that includes all onsite interactions, with eigenvalues E i (αM ) (Mn 3+ ) and E i (m) (Mn 4+ ). The eigenvalues E i (αM ) of states with a single e g electron depend on the lattice displacement at site i due to electron-phonon interaction with the local vibrational (JT) modes. While the above two terms dominate in the insulating limit, inter-site electron hopping is allowed via fast charge fluctuations, virtual [12, 13] or driven by the time-dependent laser E-field:
For tight-binding Hamiltonians, the hopping amplitude between sites r i and r j is modified by the laser (vector potential A(t)) as described by the Peierls substitution
where t αα are the tight-binding parameters. We decompose this hopping amplitude into equilibrium and laserinduced parts, V αα (j − i) = t αα + ∆V αα (t), where for our typical pump intensities
The time-dependence of the Rabi energy d 0 (t)=eE(t)a, where a is the lattice spacing, is determined by the amplitude of the laser field ∝ e −t 2 /t 2 p .hω p is the pump central frequency and we consider t p =100fs.
In Eq. (11), the spin-canting angles θ i characterize the reference (equilibrium) state and define the spin background within the adiabatic approximation (we assume zero polar angles). These angles describe the tilt of the local z-axis at site i, defined by the direction of the equilibrium spins, with respect to the laboratory z-axis. In the calculations presented here, we assume AFM ground state, so θ i =0 at spin-↑ sites and θ i =π at spin-↓ sites. For σ=↑, the first term on the rhs of Eq.(11) describes the usual coherent electron hopping amplitude [11, 12, 20] , which is maximum for parallel spins θ i =θ i . For σ=↓, this term describes electron hopping accompanied by simultaneous spin-flips on both initial and final sites. The second term describes the electron-magnon interaction [21] in the strong-coupling limit, which allows an electron to hop between two sites with opposite (AFM) spins.
QUANTUM KINETICS OF SPIN-CHARGE COUPLING: EQUATIONS OF MOTION
In this section we summarize the quantum kinetic density matrix equations of motion that we use to describe the simultaneous spin and charge excitation while the laser pulse interacts with the material (coherent tempo-ral regime). These equations are derived by using the time-dependent Hamiltonian Eq.(10). The time evolution of the spin-dependent atomic populations (diagonal density matrix elements) is described as follows:
determines the population of atomic many-body configurations with a single e g -electron and
determines the population of atomic configurations with empty e g orbitals (t 2g spin only). In the above equations, we introduced the Fourier-transform of the timedependent hopping amplitude V αβ , Eq. (12), assuming a periodic system with different atoms i and j per unit cell:
The above population equations of motion are exact in the limit J H , U →∞. They describe the dynamical coupling of any given atom i to the rest of the lattice, driven by H hop (t) Eq.(11). This dynamics is characterized by the time-dependent inter-atomic e-h coher- Fig. 1(b) , of composite fermion excitations (rather than bare-electrons as with e-h excitations in weakly correlated systems [1, 2] ). These coherences characterize transient superpositions of spin-dependent many-body atomic states in the pair of atoms i and l in the unit cell. Of main interest here is the laser-driven time-dependent coherence across the JT insulator gap, between JT-distorted sites and undistorted sites. In real space, the dynamics of inter-atomic coupling is determined by the following (exact) equations of motion:
where we introduced the many-body excitation energies
Eq.(17) treats non-adiabatic quantum spin dynamics during the fast electronic motion and couples dynamically spin and charge excitations.
After using Eqs. (7) and (8) to express the composite fermion anti-commutators in terms of the local density matrix,
Eq.(21) reduces to
The population product on the rhs describes populationinversion nonlinearity and nonlinear saturation. Eqs. (14), (15) , and (24) provide a closed system of equations of motion used to obtain the time-dependent results of Fig. 4 . Eq.(24) treats short-range coherence between nearest-neigbor atoms with different JT disotrions, which form "quantum dimers" due to coherent coupling by the laser field across E JT . This provides a first correction to the atomic limit. The quasi-equilibrium state of the system can be obtained by solving the above equations in the adiabatic limit, by setting ∂ t =0. For classical spins, this recovers the equilibrium results of Ref. [12, 13] , where a populationdependent FM exchange interaction was obtained from virtual charge fluctuations between neigboring atoms with different JT distortions.
COMPOSITE-FERMION QUASI-PARTICLE ENERGY DISPERSIONS FOR CE-AFM INSULATOR REFERENCE STATE
In this section, we summarize the calculation of the composite-fermion excitation energy dispersion for a CE-AFM/CO/OO reference state with coupled spin, charge, lattice, and orbital long-range orders. For this we consider the coherent coupling of the Mn 4+ →Mn
3+
excitations Eq.(5) at different lattice sites and address the coupling of different AFM-coupled chains and planes ( Fig. 1(a) ) via quantum spin canting. The latter occurs simultaneously with electron delocalization along the FM chains. We recall that, for classical spins and J H → ∞, different chains are uncoupled in the absence of spin canting, leading to 1D electron confinement [11, 25] . We express the quasi-particle excitationsê nk with momentum k in the form
where we introduced the normalization constant
determined by Eq.(23), with average value taken in the reference state. In the CE-AFM background, all spins point parallel to the local z-axes (spin populations M =S+1/2 and m=S only). In the calculations of Fig. 5 , these local axes point either parallel or anti-parallel to the laboratory z-axis. Our CE/CO/OO x=1/2 periodic reference state is characterized by a three-dimensional unit cell of 16 sites in two adjacent planes, with two antiferromagnetically-ordered zig-zag FM chains per plane, with four sites per chain, alternating Mn 3+ and Mn 4+ atoms, and neigboring planes with opposite spins but identical charge/orbital configurations [11] . For such configuration we obtain from Eq.(23) after using the Glebsch-Gordan coefficients n α↑ (i) = ρ 
σ=↑ corresponds to quasi-electron spin parallel to the reference state local spin, which is always the case in the classical spin limit. n α↑ (i) is a phase space filling contribution that prohibits double occupancy, similar to the Gutzwiller wavefunction approximation and slave boson calculations [25] . n α↑ (i)=1 similar to Ref. [11] if we neglect double-occupancy. More importantly, here σ=↓ is also allowed and describes the possibility that the quasielectron spin may be pointing anti-parallel to the ground state spin, as in the quantum states Eq.(1).
parallel) to the reference state local spin. In the classical spin limit, n α↓ (i)=0 and only the first term on the rhs of the above equation survives, which describes energy bands due to coherent hopping amplitude ∝ t k αβ (l − j) cos θ l −θj 2 [11, 12, 20] . As in the slave boson [25] and Gutzwiller wavefunction infinite dimensional approximations, the local factors n ασ (l), where here σ=↑,↓, modify these electron hopping amplitudes due to both Hubbard-U and magnetic exchange strong local interactions. Quantum spins introduce an additional coupling between u k↑ and u k↓ , which breaks degeneracies and enhances electron delocalization. As discussed in the main text, these local quantum-spin-canting strong correlations significanly affect the insulator energy gap and energy band dispersions, favoring metallic behavior and FM correlations that strongly depend on E JT .
